Dual coherent particle emission as generalised Cherenkov-like effect 
in high energy particle collisions 
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In this paper we introduce a new kind of nuclear/hadronic coherent particle production mechanism 
in high-energy collisions called dual coherent particle emission (DOPE) which takes place when the 
phase velocities of the emitted particle VMph and that of particle source VBiph satisfy the dual 

The general signatures of the DOPE in the nuclear and 



coherence condition: 
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hadronic media are established and some experimental evidences are given. 
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PACS numbers: 25.40.-h, 25.70.-z, 25.75.-q, 13.85.-t 

Cherenkov radiation was first observed in the early 
1900's by the experiments developed by Mary and Pierre 
Curie when studying radioactivity emission. The nature 
of such radiation was unknown until the experimental 
works (1934-1937) of P.A. Cherenkov and the theoretical 
interpretation by I. E. Tamm and I. M. Frank (1937) 
when it was clarified that this radiation is produced 
by charged particles travelling through matter at speeds 
larger than the phase velocity of light in the medium. Al- 
though it was not well understood and recognised until 
1958 (Nobel Prize in Physics), the effect afterwards was 
called the Cherenkov radiation (CR). The idea that me- 
son production in nuclear interaction may be described 
as a process similar to the electromagnetic CR go back 
to Wada, Ivanenko and Gurgenidze, and Blohintzev and 
Indenbom (see Refs. [1]) who propagated it first on a 
qualitative basis and after that by using some nuclear 
models. In the last decade this idea of the generalisation 
of the CR to mesons and photons inside the nuclear and 
hadronic media was systematically investigated theoret- 
ically [2-4] and also tested experimentally [5-8]. Such 
idea was also extended to a Cherenkov-like mechanism 
for meson production in hadron-hadron interactions [8- 
11] at high energies. In this analogy, a fast hadron is the 
source of mesonic field as it is the fast charged particle 
in the normal Cherenkov radiation. Thus the mesonic 
Cherenkov-Hke effect might be expected to occur when a 
hadron traverses the nuclear (or hadronic) matter with a 
velocity exceeding the phase velocity of the mesonic field. 

In this paper, we introduce a new kind of coherent par- 
ticle production mechanism in particle collisions called 
dual coherent particle emission (DOPE) from which all 
kind of the generalised Cherenkov-like effects can be ob- 



tained. The DCPE effects are expected to take place 
when the phase velocities of the emitted particle vuph 
and that of particle source VB^ph satisfy the dual coher- 
ence condition: VBiphVMph < 1- We investigate the gen- 
eral signatures of DCPE effects in nuclear and hadronic 
media and a propose their experimental tests. The com- 
parison of the absolute predictions [3] on the nuclear pio- 
nic Cherenkov-like effect (NPICR) with the recent exper- 
imental results obtained in relativistic nuclear collisions 
[5-7] is given. 

Dual coherent particle emission (DCPE). Let 
us start with a general Bi MB2 decay described in 
Fig. 0(a). Here a particle M [with energy w, momentum 
k = RenM(w)-y/w2 — M^, rest mass Mm, and refractive 
index riMi^^)] emitted in a (nuclear, hadronic, dielec- 
tric, etc.) medium from an incident particle Bi [with 
energy Ei, momentum pi = Ren{Ei)y/Ei — Mf, rest 
mass Ml, and refractive index ni{Ei)] that itself goes 
over into a final particle B2 [with energy E2 , momentum 
P2 = Ren(i?2)\/i?| — M|, rest mass M2, and refractive 
index n2{E2)]. 

Here we prove that in order to obtain a genuine sponta- 
neous particle emission in a given medium the two general 
conditions are necessary to be fulfilled: 

• (i) The incident particle-source must be coupled 
to a specific radiation field (RF) (see Fig. |^) 
and that the particles propagation properties in 
medium must be modified. 

• (ii.l) The particle source must be moving in 
medium with a dual phase velocity v^^^f^ higher 
than the phase velocity VMph of the RF-quanta. 
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FIG. 1: (a) The two-body decay process Bi — > MB2 in nu- 
clear media, (b) The nuclear mesonic Cherenkov-like radia- 
tion (NMCR) limit [3]: VMph < Wi- (c) The nuclear baryonic 
Cherenkov-like radiation limit [3]: VB2ph < vi 

• (ii.2) The particle source must be moving in 
medium with a dual phase velocity Vg^^^f^ higher 
than VB^ph- 

Proof: The propagation properties of particles in a 
medium are changed in agreement with their elastic scat- 
tering with the constituents of that medium. So, the 
phase velocity vxph {Ex ) of any particle X (with the to- 
tal energy Ex and rest mass Mx) in medium is modified 
as follows: 

The refractive index rix{Ex) in a medium composed 
from the constituents "c" can be calculated in standard 
way by using the Foldy-Lax formula [12] (we work in the 
units system % — c = 1) 

nliEx) = 1 + ^2^!^^^2 ■ C{Ex)lxc^Xc{Ex) (2) 

where p is the density of the constituents, C(w) is a coher- 
ence factor \C{uj) — 1 when the the medium constituents 
are randomly distributed], f xc^xdEx) is the averaged 
forward Xc-scattering amplitude. 

Now, by using the energy-momentum conservation law 
for the decay Bi MB2 in medium. 

El = E2 -\- to, "P^i = + (3) 
we obtain (see angles definition in Fig. |l|): 

cos6ik = VMphVBiph + TT—ri^^Bi + - Dm] (4) 



cos92k = VMphVB2ph + ^^[-^^1 ^ - Dm] (6) 

where Dx , X = Bi,B2, M, are departures from mass 
shell, and are given by 

Dx^E^x-Px^ Ml + [1 - {Rcnx{Ex)f][El - Aff] 

(7) 

We note that the second terms in the right side of Eqs 
(4)-(6) can be considered as quantum corrections to the 
first "classical" terms [3]. 

Now, a rigorous proof of the statement (ii) is obtained 
from conditions that the respective emission angles must 
be the physical angles. The coherence quantum condi- 
tions: cosOij < 1, i,j = 1,2, A;, (4)-(6), at the high inci- 
dent particles energies transform into classical coherence 
conditions, e. g., 

COsBik = VMphVBiph < 1 (8) 

which is equivalently to 

VMph < l^BiU' '^'^ ^SiP'' - '"Mph (9) 

It is worth to note that from the dual coherence con- 
ditions (9) we obtain the following DOPE condition. 

• (iii) In case when v^^^^^ = vi, from the condition 
(ii) the two important generalised Cherenkov-like 
limits follow: (iii.l) the NMCR Cherenkov-like ra- 
diation Hmit VMph < vi, and (iii. 2) the NBCR 
Cherenkov-like radiation limit VB2ph < vi. 

The proof of the statement (iii) is obtained immediately 
if one observes that when the particle Bi is on the mass 
shell in medium (Rerii = 1) then Vg^py^=vi, and the 
dual coherence conditions (ii.l) and (ii.2) will go into the 
Cherenkov-like coherence conditions (iii.l) and (iii. 2), re- 
spectively. 

For each kind of generalised Cherenkov-like effect there 
is a threshold projectile kinetic energy given by 

TthriEx) - Mp^l-[vxph{ExW - !]■ (10) 

Now, we can obtain a classification of these DCPE ef- 
fects not only on the basis of four fundamental (strong, 
electromagnetic, weak, and gravitational) interactions 
but also using the above "M-B duality" as well as the 
crossing symmetry. 

The main signatures of the (DCPE) as generalised 
Cherenkov-like effects are as follows: 

• The differential cross sections posses the bumps in 
the energy bands where the DCPE-coherence con- 
ditions are fulfilled. 



cos9i2 = VBiphVB2ph + — A-Dbi - Db2 + Dm] (5) 



• The DCPE-effects are threshold mechanisms. 
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• Coherent particles emitted via the DOPE mecha- 
nism must be coplanar with the incoming and out- 
going projectiles: strong {6ik,uj) and {dik,Ep) cor- 
relations. 

• The intensities as well as the absorption effects 
can be calculated as in the case of generalised 
Cherenkov-Hke effects [3] by using Feynman dia- 
grams in medium. 

• Any two-body decay process Bi — > MB2 in medium 
via DOPE mechanism posses two Hmiting modes: 
the NMCR mode in which the particle M is emitted 
when the coherence condition VMph < "^lis fulfilled, 
and the NBCR mode when the coherence condition 
VB2ph < vi is fulfilled. 
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Coherent meson emission in nuclear media. The 
lightest mesons for which the elementary scattering am- 
plitudes on nucleons in the forward direction are well 
known from the experimental data are pions [13]. In 
the last decade, the nuclear pionic Cherenkov-Uke radia- 
tion (NPICR) was intensively investigated theoretically 
[2,3] on the basis of elementary pion-nucleon scattering 
amplitudes in the forward direction. The characteristic 
features of the NPICR-pions predicted in Refs. [2,3] are 
as follows: 

• The numerical values on the refractive index of pi- 
ons in nuclear medium was obtained in the stan- 
dard way by applying Lax-Foldy formula (2) with 
the coherence factor C = 1. 

• The NPICR-coherence condition Vph{(^) < v , was 
found to be fulfilled in the three energy bands: 

(CBl) 190 MeV< lu < 315 MeV, for all tt^'°; 

(CB2) 910 MeV < w < 960 MeV, only for 7r+; 

(CB3) w > 80 GeV, for all 7r±'0. 
The values for the NPICR-thresholds for all the 
three pionic bands are shown in Fig. ||. 

• The NPICR-pions must be coplanar with the in- 
coming and outgoing projectile possessing strong 
(OikjUj) and {9ik,Tp) correlations (see Fig. 7 from 
Ref. [3]). 

• The NPICR- differential cross sections (DCS) are 
peaked at the energy ujm = 244 MeV for CBl- 
emission band when absorption in medium is taken 
into account. The CBl-peak width in the DCS is 
predicted to be Tm < 25 MeV (see details in Figs. 
8 and 9 from Ref. [3]). 

• The energy behaviour of NPICR-peak position is 
predicted to be as (see Fig. 12 in [3]), while 
the A-target dependence of the NPICR differential 
cross sections is given in Fig. 14 of [3]. 



FIG. 2: The absolute predictions for the threshold Tthr(i^) 
for single coherent meson production via pionic Cherenkov- 
like radiation (NPICR) mechanism [3] in the nuclear reaction 
2"«Pb (p^ Ntt). 
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FIG. 3: The energy distributions obtained [5,6] for the 7r~s 
produced in the central Mg-Mg collisions at 4.3 GeV/c per 
nucleon. 

The existence of the NPICR-CBl-emission band [2,3] was 
recently confirmed experimentally by the JINR-Dubna 
group [5,6] in the studies of Mg-Mg central collisions at 
4.3 GeV/c per nucleon by processing the pictures from 
the 2m Streamer Chamber SKM-200. After processing a 
total number of 14218 events, which were found to meet 
the centrality criterion, the experimental results shown 
in Fig. 3 have been obtained. 

As one sees from Fig. 3, the energy distributions of 
emitted pions in the central collisions have a significant 
peak over the inclusive background. The experimental 
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values of the peak position and its width are 

= 238 ± 3(stat) ± 8(syst) MeV, (11) 

r„j = 10 ± 3(stat) ± 5(syst) MeV. (12) 

Hence, the values of the peak energy and its width ob- 
tained in Refs. [5,6] are in a good agreement with the 
absolute NPICR predictions for u)mandVm [2,3]. It is im- 
portant to note that the above value of E'^ is similar 
to the position of the peak observed in Ref. [15] in the 
analysis of tt"*" production in coincidence measurements of 
(p,n) reactions at 0° on C, the effect connected with the 
NPICR mechanism [3]. 

Therefore, we conclude that the NPICR cross sections 
in all emission bands, as well as other NPICR-signatures, 
are large enough in order to be experimentally measured 
in exclusive experiments. Of the great importance is the 
experimental discovery of the first coherent NPICR band 
in the inclusive measurements since it represents the first 
experimental proof that the generalised Cherenkov-like 
effect is the real mechanism for the coherent particles 
production with the rest mass different from zero. 

Generalised mesonic Cherenkov-like radia- 
tion IN HADRONIC MEDIA. The mesonic Cerenkov-like 
radiation in hadronic media was considered by many au- 
thors [8-11]. A systematic investigation of the classical 
and quantum theory of this kind of effects in hadronic 
media can be found in Ref. [9]. The classical variant 
[2,9] of the Cherenkov mechanism was applied to the 
study of single meson production in hadron-hadron in- 
teractions at high energies. This variant is based on the 
usual assumption that hadrons are composed from a cen- 
tral core in which most of the hadron mass is concen- 
trated surrounded by a large and more diffuse mesonic 
cloud (hadronic medium). Then, it was shown [9,11] that 
a hadronic mesonic Cherenkov-like radiation (HPICR) 
with an mesonic refractive index given by a pole ap- 
proximation, can be able to explain the integrated cross 
sections of a single meson production in hadron-hadron 
interaction. As an example, in Fig. ^we present the inte- 
grated cross sections of the process pp pp7r°, compared 
with the HPICR-predictions in the limit of the HPICR 
mechanism dominance. This result was very encourag- 
ing for the extension of HPICR-dominance hypothesis 
to other single meson production in hadron-hadron col- 
lisions at high energies. Collecting all the /dof for all 
139 reaction fitted with the hadronic mesonic Cherenkov- 
like (HMCR) mechanism, we get the surprisingly good 
description as shown in Fig. ^. We must underline that 
only reactions with single meson production was fitted (a 
single parameter fit) with the HMCR predictions on the 
integrated cross sections. 

Also, recently, in hadronic experiments [5-7,16], the 
Cherenkov-like radiation in the variant proposed in [Q, 
has been observed. 
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FIG. 4: Experimental statistical test of the HMCR- 
mechanism dominance in hadron-hadron collisions. 
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FIG. 5: The number of reactions fitted with HMCR- 
predictions for integrated cross sections as a function of 
X^dof. 

Conclusions. In this paper a new mechanism called 
dual coherent particle emission (DCPE) is introduced. 

The results and conclusion obtained in this paper are 
as follows: 

• The DCPE mechanism includes in a more general 
and exact way all the types of the Cherenkov mech- 
anisms thanks to the general dual coherence con- 
dition VBiphVMph < 1 which has the particular 
limiting cases: M- Cherenkov-like radiation limit: 
VMph< vi, and B- Cherenkov-like radiation limit: 
VB2ph < vi . 

• In the nuclear media we presented the first exper- 
imental results [5,6] which confirm with high ac- 
curacy the predictions [3] in the first CBl-pionic 
band. 

• In the hadronic media we presented the first statis- 
tical test (see Figs. ^ and ||) based on the fit of the 
integrated cross sections of 139 reaction of single 
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meson production. These results suggest a possible 
HMCR- dominance of the single meson production 
in high energy hadron-hadron collision. 

Finally, it is important to note that special experimen- 
tal techniques based on the coincidence measurements 
are necessary in order to extract the yields of the DOPE 
generalised Cherenkov-like effects from the background 
produced by other mechanisms. 
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